Butyribacterium rettyeri is an anaerobic bacterium that can utilize glucose, pyruvate, or lactate as the major energy source for growth. The organism requires a cofactor (BR factor) for growth on lactate but not for growth on glucose or pyruvate (Kline and Barker, 1950) . The BR factor is probably identical with lipoic acid or one of its derivatives (Kline et al., 1952) , and appears to function as an intermediate acceptor for lactate hydrogens in the conversion of lactate to pyruvate (Wittenberger and Flavin, 1963;  Kline, Pine, and Barker, 1963) . When B. rettgeri is grown in a semisynthetic medium containing lactate as the main energy source (B. rettgeri L), cell-free extracts contain a nicotinamide adenine dinucleotide-linked lactic dehydrogenase (NAD-LDH) and, in addition, catalyze the reduction of ferricyanide by lactate. For convenience, the latter enzyme activity will be referred to as KaFe(CN)6-LDH. If the organism is grown in the same medium devoid of lipoic acid with glucose as the main energy source (B. reteri G), cell-free extracts contain markedly higher levels of NAD-LDH than are found in extracts of B. rettgeri L, whereas K3Fe(CN)r-LDH activity is completely absent or equivocally present (Wittenberger and Flavin, 1963) . Since cell suspensions of B. rettgeri G are unable to decompose lactate (Wittenberger, 1961) and form considerable amounts of lactate from glucose (Pine, Haas, and Barker, 1954) , whereas B. rettgeri L cells readily decompose lactate, the above results suggested that the NAD-LDH functions primarily in lactate formation, whereas the KaFe(CN)6-LDH is involved in lactate fermentation.
The results present additional evidence for the involvement of KaFe(CN)6-LDH in lactate degradation and describe some physiological factors which affect the levels of the two LDH activities in B. rettgeri L. Glucose or one or more glucose degradation products, or both, inhibit the development of the KFe(CN)6-LDH in growing cultures. A preliminary report of these findings has appeared (Wittenberger and Haaf, 1964) .
MATERIALS AND METHODS
Organism and culture conditions. B. rettgeri was obtained from the American Type Culture Collection (ATCC 10825) and was grown in a semisynthetic medium. The basal medium contained salts modified so that the final concentration of phosphate was 0.11 M, vitamin supplement, purine-pyrimidine supplement, vitaminfree casein hydrolysate, acetate, and cysteine, as described by Kline and Barker (1950) . B. rettgeri G was maintained by daily transfer in the above basal medium to which was added 0.54% glucose (w/v). B. rettgeri L was derived from B.
rettgeri G by transfer into basal medium supplemented with DL-Na-lactate (1.2%, w/v) and DLNa-lipoate (25 mug/10 ml), and was maintained by daily transfer in the same medium.
Growth measurements. Growth was followed turbidimetrically at 660 mj.A in volumetric flasks fitted with side arms, which were adapted to fit a Bausch & Lomb Spectronic-20 colorimeter. Flasks were made anaerobic by means of a K2COr-pyrogallol seal, and cultures were incubated at 37 C. To minimize cell clumping and settling during growth, cultures were continuously agitated by means of a magnetic stirring bar.
Preparation of cell-free extracts. Cells were harvested from cultures at times indicated in the text, washed once with 0.01 M potassium phosphate buffer (pH 6.2) containing 0.001% reduced glutathione (w/v), and resuspended in a minimal volume of the phosphate-glutathione buffer. The cell suspension was then passed through an Aminco French pressure cell, and the resulting extract was freed from unbroken cells and large particles by centrifugation at 25,000 X g for 30 min. Enzyme assays were performed immediately on the supernatant fluid as described below. Undialyzed preparations were used throughout this study.
Enzyme assays. Assay procedures, enzyme units, and specific activities for NAD-LDH and K3Fe(CN)6-LDH were as previously described (Wittenberger and Flavin, 1963) , except that 2 ,gmoles of potassium pyruvate instead of 10 were employed in the NAD-LDH assay.
Chemical procedures and analyses. The lithium salt of DL-lactic acid was prepared according to Barker (1957) , and the sodium salt of DL-alipoic acid was prepared as described by Wagner et al. (1956) . All cofactors employed were purchased from Sigma Chemical Co., St. Louis, Mo. Lactic acid was determined by the method of Barker (1957) , and glucose was assayed with Worthington Glucostat. Protein was measured by the biuret method (Gornall, Bardawill, and David, 1949 rettgeri L in medium containing both glucose and lactate would have on the cellular levels of these two enzyme activities. The growth response of B. rettgeri L to various combinations of glucose, lactate, and lipoate is shown in Fig. 1 . Growth was rapid in all media containing glucose, and the addition of lactate or lipoate, or both, had no striking effect on the growth rate, although the final cell yield appeared to be slightly higher when lipoate was added to the medium. (Unwashed inocula were used throughout these studies because cells washed with phosphate buffer, water, or physiological saline were frequently unable to grow when subsequently placed in fresh medium. Thus, some lipoate was present in all cultures due to carry over with the inoculum.) Growth on lactate was slower, and the final cell yield was less than in those cultures containing glucose. These results INCUBATION TIME (hours) are in accord with a prior report (Kline et al., 1963) . Cells were harvested from the cultures in Fig. 1 and extracts were prepared and assayed for K3Fe(CN)6-LDH and NAD-LDH activity. Only a very low or equivocal level of K3FE(CN)6-LDH activity was present in extracts of cells grown in media containing glucose, whereas NAD-LDH activity was high and constant under these conditions (Table 1 ). In contrast, the extract of cells grown in medium containing only lactate possessed a higher level of K3Fe(CN)6-LDH activity and a lower level of NAD-LDH activity than was found in extracts of cells grown in medium containing glucose. A direct correlation could be demonstrated between the presence or absence of K3Fe(CN) 6-LDH activity in these cell extracts and the ability, or lack of it, of corresponding cell suspensions to decompose lactate. Cells from cultures containing glucose produced between O and 0.2 j,moles of C1402 from lactate-i-C'4 per hr per 50 mg (dry weight), whereas cells from the culture containing only lactate produced 4.5 ,tmoles of C1402 under identical conditions.
[This assay procedure was previously described by Wittenberger and Flavin (1963 Cells from all other cultures were harvested after 23.5 hr of incubation. The final volume of the culture was 500 ml. At the times indicated, turbidity measurements were made (0), and 5-ml samples were withdrawn by means of a sampling outlet tube. Cells were removed from samples by centrifugation and the supernatant fluids were assayedfor lactate (A) and glucose (0). diauxic growth response was observed. The initial phase of growth proceeded exclusively at the expense of glucose; neither lactate decomposition nor the second phase of growth ensued until all of the glucose had been utilized (Fig. 2) . Thus, it could be demonstrated that prior growth of lactate-adapted cells on glucose did not qualitatively impair cellular ability to subsequently degrade lactate. Kline et al. (1963) also reported that, when B. rettgeri L was placed in lactate medium containing glucose and BR factor, both substrates were decomposed, although no diphasic growth response was observed. However, the first growth measurement reported by these authors was only after 15 to 20 hr of incubation, and it may be that the initial phase of growth was missed. Alternatively, the organism used in the present studies may be a different strain than the one employed by Kline et al. (1963) . We found the diauxie phenomenon to be quite reproducible under the conditions described. The only variability observed over many experiments was in the duration of the lag which followed the initial phase of growth on glucose. With some lactate-adapted strains, this lag period persisted for 8 to 11 hr, whereas other lacta strains exhibited a lag of only 1 to diauxie phenomenon is dependent addition of lipoic acid to the growt] In the absence of the cofactor, growt only to the extent permitted by th glu'cose.
To determine whether the secon( phase of growth in Fig. 2 was accorn cellular acquisition of K3Fe(CN) 6-LD B. rettgeri L was inoculated into lacta and into lactate medium containing amount of glucose. Figure 3 shows tl growth response of the organism in me taining both substrates. After 30 hr tion, cells were harvested from botl and cell-free extracts were prepared a for lactic dehydrogenase activity in manner. The K3Fe(CN)6-LDH specif was roughly the same in both culture that the lactate phase of growth was ac by the appearance of this enzyme actii 2 (Rickenberg and Lester, 1955 B. rettgeri L was inoculated into 1 liter of lactate medium, and the culture was incubated at 37 C for 25 hr. At this time, a 300-ml sample was withdrawn from the logarithmically growing culture, and glucose (final concentration, 0.54%) was added to the remainder of the culture. It may be seen in Fig. 4 , where growth is expressed as a logarithmic function of time, that the addition of glucose resulted in the immediate onset of an accelerated growth rate, indicating a preferential utilization of this growth substrate. Incubation of the culture was continued for an additional 5 hr, after which cells were harvested from the remainder of the culture. Extracts were prepared from cells harvested prior to, and 5 hr after, the addition of glucose, and assays for K3Fe(CN)6-LDH and NAD-LDH were performed as usual. The total K3Fe(CN)6-LDH units were the same before, and 5 hr after, the addition of glucose, whereas the specific activity decreased almost fourfold ( Growth of lactate-adapted cells in lactate semisynthetic medium containing pyruvate also yielded cells with markedly reduced levels of K3Fe(CN)6-LDH. It was also found that fructose, which the organism will utilize as a growth substrate (Wittenberger, unpublished data) , is equally effective in repressing K3Fe(CN)6-LDH formation. Lactate-degrading system. The question arose as to whether ferricyanide reduction by lactate in B. rettgeri L represented the formation of a LDH different from the NAD-linked enzyme, or whether this activity was perhaps a measure of 900 an enzyme system physiologically involved in coupling reduced nicotinamide adenine dinucleotide (NADH) oxidation to one of the reductive sequences of the fermentation. If the latter were true, then the NAD-linked LDH might be involved in both lactate formation and lactate degradation, the degradative process being favored when the appropriate NADH-coupling system was present to displace the otherwise unfavorable equilibrium of the reaction in the direction of pyruvate formation. When extracts of lactate-adapted cells were tested for ability to reduce ferricyanide with NADH, high levels of this activity were found. However, glucosegrown cells possessed an equally high level of NADH-ferricyanide activity, and the activity in lactate cells was not repressed by glucose (Table  5) . Furthermore, ferricyanide reduction by lactate was neither stimulated by NAD (or NADP) nor inhibited by prior incubation of extracts with ferricyanide and Neurospora NADase (Sigma Chemical Co., St. Louis, Mo). It is concluded that ferricyanide reduction by lactate is not mediated by NAD, and that the NADH-ferricyanide reaction is not a measure of the primary system required for lactate degradation. At the times indicated, turbidity measurements were made and 150-ml samples were withdrawn. Cells were removed from samples by centrifugation, and cell-free extracts were prepared. The extracts were assayed for K3Fe(CN)6-LDH and NAD-LDH activity, as shown in Table 4 . 
DISCUSSION
Although the natural cofactor for the KFe(CN):-LDH is unknown, it seems reasonable to assume that the reaction which it catalyzes is at least a qualitative measure of the physiological lactate-degrading system in B. rettgeri. This activity is consistently present in high levels in lactate-adapted cells and is absent, or occasionally present in only trace amounts, in glucose-grown cells which are unable to degrade lactate. The demonstration that glucose represses the formation of K,Fe(CN)6-LDH in lactate-adapted cells appears to explain the previously reported inability of glucose-grown cells to decompose lactate, even when lipoic acid was included in the growth. medium (Wittenberger, 1961; Kline et al., 1963) . Since formation of the lactate-decomposing system was also inhibited by fructose or pyruvate, it seems likely that the synthesis of this sy.tem is controlled by catabolite repression Magasanik, 1956, 1957; Magasanik, 1961 Since the ferricyanide reaction is apparently not mediated by pyridine nucleotides (reaction is neither stimulated by NAD or NADP nor inhibited by nicotinamide adenenine dinucleotidase), such a cofactor would presumably have to function more or less directly in the acceptance of lactate hydrogens, rather than in the transfer of reducing equivalents from NADH to one of the anaerobic electron acceptor systems. Studies are now in progress to characterize the KaFe(CN)6-LDH and to ascertain its relationship, if any, to the NAD-linked enzyme.
It is interesting to speculate about the significance of the elevated NAD-LDH activity in cells grown on glucose, since, theoretically, the reduction of pyruvate to lactate is not a cellular process essential for the maintenance of redox balance. [In the glucose fermentation, B. rettgeri carries out two other reductive reaction sequences, namely, the reduction of C02 to acetate and the reduction of acetate to butyrate (Pine et al., 1954) . These two metabolic processes are, by themselves, sufficient to accommodate the electrons liberated during glucose degradation. For example, a hypothetical fermentation balance not involving lactate as a product would be: 10 glucose -> 15 acetate + 6 butyrate + 6 CO2 + 6 H20.J It is presumed that the organism's demand for carbon precursors for the biosynthesis of amino acids, purines, pyrimidines, and vitamins is minimal, since the growth medium is more or less completely supplemented with these metabolites. Thus, pyruvate formation from glucose might exceed the amount required for biosynthetic processes. In terms of the cataboliterepression theory (Magasanik, 1961) , an overproduction of pyruvate could result in repression of one or more of the glucose-degrading enzymes leading to pyruvate formation. Since glucose catabolism represents the major, if not the exclusive, energy-liberating cellular process in B.
retigeri G, any restriction imposed upon it would severely inhibit or completely prevent growth.
The physiological function of the NAD-LDH, therefore, may be to maintain glucose catabolism by converting excess pyruvate to a nonrepressor compound, lactate. Inasmuch as lactate is not metabolized by glucose-grown cells, it would not contribute further to the catabolite-repressor
